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Influence of flow conditions on scour hole shape for pier groups Local scour at alluvial bridge foundations is caused by the interference of the flow with the structure. The usual laboratory experiments set constant flow conditions and allow local scour to develop until the equilibrium stage, which can take several days. However, as long as the geometry of the scour hole is independent of the flow conditions used to obtain a given scour depth, faster experimental methods are available in the literature. In this paper the influence of flow conditions on the shape of the scour hole is investigated experimentally for different configurations of pile groups with and without pile cap. It is found that, whenever no pile cap is present, the angle of repose of the sediment dominates the geometry of the scour hole, regardless of flow conditions. On the contrary, in the presence of a pile cap, the geometry of the scour hole strongly depends on flow conditions. characteristic lengths of the geometry of the pile cap (see Figure 2 ) l any length of the scour hole geometry m number of piles columns in the pile group (see Figure 1 ) n number of piles rows in the pile group (see Figure 1 ) q flow rate per unit width s pile group spacing (see Figure 1 ) t time w channel widtĥ ¼ s/d dimensionless pile group spacing Ł angle of the scour hole í water kinematic viscosity r water density r s sediment density ó g granulometric sediment dispersion ö arbitrary function j a , j b , º a , º b regression coefficients for a and b scour hole lengths
Introduction
Local scour at bridge piers is an important issue in civil engineering as it is the main reason for bridge collapse. Local scour is the engineering term for the erosion of the soil surrounding a bridge foundation (piers and abutments), which is the result of the erosive action of the flowing water, excavating and carrying away material from around the piers and abutments of bridges (Hoffmans and Verheij, 1997; Melville and Coleman, 2000; Richardson and Davis, 1991) . The process combines the complexities of a three-dimensional flow pattern (characterised by different vortex systems around the structure) with suspended and bed sediment transport (see, for example, Kothyari et al. (2007) ). The phenomenon has attracted the interest of many researchers and, because of its complexity, an experimental approach is the usual practice (Melville and Coleman, 2000) .
Essentially there are two different strategies to account for local scour in alluvial bridges. The first assumes that scour will occur and designs the pier to be stable for the eroded bed condition. The second considers protecting the structure so as to reduce or eliminate local scour at the foot of the structure.
For the first strategy, which is the focus of the present study, the equilibrium scour depth is of major interest since it is an upper bound for the scour depth in time. The estimation of the equilibrium scour characteristics at bridge foundation elements continues to be a concern for hydraulic engineers. One of the main problems is that, although equilibrium scour is a widely accepted concept, obtaining it in the laboratory is difficult because the experiments usually take over a week in order to obtain reliable results (Breusers et al., 1977; Melville and Chiew, 1999; Simarro et al., 2011) .
Recently, Chreties et al. (2008) proposed a different methodology that enables local scour experiments to be reduced to only a few hours in the case of single bridge piers under uniform sediment and clear water conditions. Contrary to the usual, or 'canonical', experiments, the methodology proposed by Chreties et al. (2008) considers, in an inverse procedure, finding out what flow conditions correspond to a given equilibrium scour depth. The hypothesis behind the methodology is that the shape of the scour hole for a given scour depth does not depend on the flow conditions used to obtain the actual state, but only on the problem's geometry (pier geometry and flume width), sediment characteristics and the actual scour depth, d s , itself. This hypothesis is equivalent to assuming from the outset that the geometry of the scour hole has 'no memory' of the flow conditions.
Given the 'no memory' hypothesis, the validity of the methodology by Chreties et al. (2008) is straightforward. Furthermore, the same hypothesis is also behind the methods most commonly used to handle unsteady flow conditions (Chang et al., 2004; Hager and Unger, 2010; Lu et al., 2011; Mia and Nago, 2003) .
It is usually assumed that the shape of scour hole is indeed independent of the flow conditions because it can be approximated by an inverted cone frustum with the slope corresponding to the sediment's angle of repose. This hypothesis has proven to work well for simple geometries such as single cylindrical piers. However, a single cylindrical pier is too simple a geometry and the use of pile groups under a cap that supports the pier column is becoming more and more popular in bridge design for physical and economical reasons (Coleman, 2005) .
Aiming at extending the methodology proposed by Chreties et al. (2008) to pile groups, the goal of the present work is to analyse experimentally the geometry of the scour holes in pile groups and, in particular, whether the 'no memory' hypothesis is a reasonable approximation. For this propose, an experimental approach has been adopted.
The paper is organised into sections as follows: after this introduction, the details of the methodology and a description of the experimental set-up and process are given. In the subsequent section the experimental results are presented and, in the next section, a full discussion of these results is provided. The final section is devoted to some concluding remarks.
Methodology and experimental set-up
Following the dimensional analysis presented by Chreties et al. (2008) , using the common hypothesis (viscous effects negligible, uniform sediment and r s /r ¼ 2 . 65 ¼ constant, with r s and r the sediment and water densities) and keeping the following dimensionless groups constant here for all the experiments
any length of the geometry of the scour hole denoted by l can be written as
where h is the upstream water depth, d 50 is the sediment median size, d is the diameter of individual piles (see Figure 1 ), w is the channel width, q is the flow rate per unit width, g is the acceleration due to gravity, t is the time, and n, m,ˆand L i are the variables defining the geometry of the pier, as shown in Figures 1 and 2.
The hypothesis to be validated experimentally is that the shape of the local scour hole is essentially unaffected by the flow Influence of flow conditions on scour hole shape for pier groups Chreties, Teixeira and Simarro conditions that generated it and, for a given geometry; it depends on the local scour d s only. To prove this hypothesis, for any different geometry it should simply hold that
The experiments were carried out at the hydraulics laboratory of the Civil Engineering School at the University of Castilla-La Mancha (UCLM), Spain. A tilting flume 30 m long, 75 cm wide and 60 cm deep was used. This flume is the one already described by Chreties et al. (2008) . The flume slope was set constant at 0 . 01% in all experiments. The water depth was controlled through a tail-gate downstream. The tail-gate is step driven and every step provokes a change in water depth of approximately 4 mm, which is always less than 5% of the water depth. An electromagnetic flowmeter with an accuracy of 1% was used to establish the flow rate. The water depth, scour depth and other scour hole lengths were measured using point gauges with a resolution of 0 . 1 mm. Bed sediment is a quartzitic sand with r s ¼ 2650 kg/m 3 ,
Two different cases were tested: pile groups without a pile cap (G1, Figure 1 ) and with a cap (G2, Figure 2 ). For the cases G1, different geometries were considered, varying n, m andˆ. In all G1 cases d ¼ 6 . 3 cm while n 3 m values were 1 3 3, 2 3 1, 2 3 3 andˆ¼ 2, 3, 4. The notation 'G1_nmˆ' is used to identify these experiments in Tables 1 and 2 . The range of values of( particularly 2 ,ˆ, 3) is a usual practice in engineering and the group effect is likely to play a role. In fact, according to AtaieAshtiani and Beheshti (2006), forˆ. 3 the group effect is negligible and forˆ¼ 2 the scour depth is 25% higher than that for a single pier.
For the G2 case (with a cap, Figure 2 ), only n 3 m ¼ 2 3 3, ¼ 2 and d ¼ 6 . 3 cm was considered. The variables defining G2 are shown in Figure 2 , and the parameters were set L1
All the experiments were carried out under clear water conditions. In each test, the local scour hole is generated using given flow conditions, which remained constant throughout the experiment. The scour depth and two other characteristic lengths of the scour hole (a and b in Figure 3) 
Figure 2
hole, and a ruler to measure the horizontal distance between them.
The variation ranges of the above-mentioned dimensionless groups corresponding to flow conditions and time were (Table 1) 1 : 60 < h d < 4 : 50
2 3 10 2 < qt d Experimental conditions for G1 (30 tests) and G2 (five tests) are shown in Table 1 . In order to measure the system's inner noise, that is the differences in the results due to measurement errors, some experiments were performed under identical flow conditions for each geometry, for each G1_nmˆ. The repeated tests are the first three for each group G1_nmˆin Table 1.
The scour depth at the nose of the first pile of the group (and also at the front of the pile cap for geometries G2), a and b were measured after 1, 2 . 5, 5, 7 . Figure 4 shows the local scour time evolution results for all G1_134 experiments. the different behaviour of the experiments in this figure was noted, since different flow conditions are used and some experiments will obtain much higher scour depth values than others. However, when plotting a/d (or b/d ) against d s /d almost linear relationships were obtained, which are essentially independent of the flow conditions for G1 ( Figure 5 , where the variable time has dropped). The following may be written
Experimental results
The averaged regression coefficients º a ,º b ,j a and j b for each G1_nmˆappear in Table 2. Table 2 also includes the correlation coefficient (R), the root mean square error (RMSE) and the limit of 95% confidence interval for each coefficient. and therefore, c and Ł can be recovered for each geometry (Table  2) .Equation 13 and the results for c are consistent with those of Mia and Nago (2003) and Bateman et al. (2005) . In both references, the proposed value of c is around half the pier diameter d. Additionally, the Ł angle obtained for each geometry in Table 2 is very close to the measured friction angle for the sediment bed, which was 388.
Pier type
Although the differences in the coefficients between different geometries are small, it is possible to identify that c and Ł slightly increase with m and decrease with norˆ. These trends are very mild and, in any case, they do not invalidate the 'no memory' hypothesis.
For individual circular piers, it has been suggested that the upstream part of scour hole geometry can be modelled by an inverted cone frustum (Lu et al., 2011; Melville and Coleman, 2000; Mia and Nago, 2003) . Assuming this geometry, from Influence of flow conditions on scour hole shape for pier groups Chreties, Teixeira and Simarro
and j a ¼ j b
19:
From the experimental data (Table 2) , considering the averaged values
which is consistent with the theoretical results in Equations 18 and 19.
Figures 6 and 7 show the results for the tests corresponding to case G2 (with a cap and always being n 3 m ¼ 2 3 3 andˆ¼ 2) using two different measurements for the scour depth. The results include in this case two pairs of repeated experiments (Table 1) . Therefore, for G2, the shape of the scour hole is not independent of the flow conditions and, hence, the results of Chreties et al. (2008) for equilibrium scour and the method by Chang et al. (2004) for temporal scour evolution under unsteady flows, are not applicable.
Concluding remarks
The 'no memory' hypothesis has been experimentally studied for different pier groups. This hypothesis was validated for all configurations where the pile cap did not interfere with the flow (G1 cases). Furthermore, for these geometries, similar to the case of single piers, the sediment's friction angle dominates the geometry of the scour hole and the influence of the pier arrangement is small. This result allows the methodology by Chreties et al. (2008) to be used to find equilibrium scour depth, and also the usual methodologies to compute local scour under unsteady flows (Chang et al., 2004) . On the contrary, the experimental results show that whenever the pile cap is involved in the scour process, the geometry does depend explicitly on flow conditions, so that the hypothesis is not verified. Influence of flow conditions on scour hole shape for pier groups Chreties, Teixeira and Simarro
